An improved, highly sensitive, flow-injection analysis method for the determination of dissolved aluminum in seawater, based on the work of Resing and Measures (1994), is presented. The most significant modification to this earlier work is the use of in-line preconcentration of seawater onto a commercially available resin, eliminating the resin-synthesis step. Other modifications include the addition of a column-conditioning step prior to sample loading that increases the quantitative retention and sensitivity, in-line buffering of samples prior to column loading to achieve optimal sample pH, an increased acid-eluent concentration to efficiently remove Al from the resin column, and an increased reaction buffer concentration. The method has a detection limit of 0.1 nM Al when preconcentrating 10 mL sample and a precision of 2.5% based on replicate analyses of a 5 nM Al sample when preconcentrating 2.5 mL sample. The method was applied to surface and deepwater samples collected in the North Pacific (2004 Sampling and Analysis for Fe [SAFe] cruise) and from surface water samples collected across the Columbia River plume. Results suggest that the SAFe samples could potentially serve as seawater reference materials for dissolved Al following further investigation by other researchers using different methods. The use of low-density polyethylene bottles with low-density polyethylene caps as standard protocol for storage of acidified seawater samples for Al analysis is also discussed. 
Aluminum is the third most abundant element in continental crust (8.2% by weight; Taylor 1964 ), yet the oceanic levels of dissolved Al are found at trace concentrations, ranging from less than 1 nM in deep waters of the North Pacific to 25 nM in surface waters of the eastern North Atlantic, where high eolian dust input from the Saharan desert is observed (Orians and Bruland 1986; Kramer et al. 2004) . Dissolved Al in seawater can serve as a valuable tracer of both eolian and fluvial inputs to the oceans (Orians and Bruland 1986; Hydes 1989; Chou and Wollast 1997; Measures and Vink 2000; Measures et al. 2005) . Measures and Vink (2000) showed that dissolved Al concentrations in surface waters of the open ocean can provide reliable estimates of atmospheric dust fluxes to the world ocean. This relationship between dissolved Al concentrations and atmospheric dust deposition is of interest in a time when global estimates of the delivery of bio-limiting elements such as iron via dust deposition to global surface waters are greatly needed. Thus, the ability to accurately measure dissolved Al in seawater is very valuable, and there has been significant interest shown in understanding the marine biogeochemistry of Al in oceanic waters.
Lumogallion [3-(2,4 dihydroxyphenylazo)-2-hydroxy-5-chlorobenzenesulphonic acid], a tetradentate ligand that coordinates with Al 3+ , was reported to be a highly sensitive, fluorescence-producing reagent in the presence of Al and free of interferences in determining Al in natural waters (Nishikawa et al. 1967) . In order to determine Al concentrations in the mixing of river and oceanic waters, Hydes and Liss (1976) reinvestigated earlier work and developed a batch method based on the lumogallion-Al complex fluorescence with a detection limit of 1.9 nM and an analytical precision of 5% at 37 nM. More recent modifications of the batch method incorporating micelle-enhanced fluorescence using the surfactant Triton-X 100 yielded a detection limit of ~0.7 nM and a sensitivity of 4% at 5 nM Al (Howard et al. 1986; Ren et al. 2001 ).
An improved flow-injection analysis method for the determination of dissolved aluminum in seawater Matthew T. Brown 1* and Kenneth W. Bruland While these methods provide accurate measurements of Al, they would be limited by a lack of sensitivity at open-ocean dissolved Al concentrations of < 1 nM. To overcome this limitation, Resing and Measures (1994) developed a sensitive, shipboard flow injection method for dissolved Al in seawater suitable for low-level (<1 nM) Al concentrations using the preconcentration of Al onto a column of resin-immobilized 8-hydroxyquinoline (8-HQ). It was found that the sensitivity of this method increased by a factor of 5 upon the incorporation of the nonionic surfactant Brij-35 for the fluorescence detection step. Similar to that described by Humphry-Baker et al. (1980) , this micelle-enhanced fluorescence likely results from the rigidization of the Al-lumogallion complex as it aligns itself with the micelle structure, thus enhancing the quantum yield of fluorescence.
Resin-immobilized 8-HQ is very useful due to its affinity for binding several metals, yet this resin is not commercially available and its original synthesis (Landing et al. 1986 ) is complicated. While Dierssen et al. (2001) developed a newer, improved synthesis, the process has still proven to be difficult and time-consuming with significant batch-to-batch variation in resin quality. Furthermore, Tria et al. (2007) report peak reproducibility problems when using 8-HQ resins synthesized according to the Landing et al. (1986) and Dierssen et al. (2001) protocols.
In a review of Al determinations in seawater, Tria et al. (2007) note that while the flow-injection analysis (FIA)-fluorescence methods have had reported success, "the technique can still benefit from several refinements, notably in the area of analyte preconcentration." (p.163) The goal of this work was to develop a highly sensitive, shipboard, flow injection analysis system based on the work of Resing and Measures (1994) yet using a commercially available preconcentration resin. The first major modification was the replacement of 8-HQ with a commercially available chelating resin (Toyopearl AF-Chelate 650M). This resin has a nonswelling hydroxylated methacrylic polymer base bead (Toyopearl HW-65) derivatized with iminodiacetate (IDA) functional groups at a concentration of ~35 μmol/mL of wet resin. The IDA functional groups serve as a tridentate ligand for complexing metal cations such as Cd 2+ , Cu 2+ , Mn 2+ , Ni 2+ , Pb 2+ (Warnken et al. 2000) , and, as will be shown here, Al 3+ .
This modification results in more reliable and consistent preconcentration for a given column size. The second modification was the introduction of a columnconditioning step in the sample loading process. The columnconditioning step is important as it brings the resin to the correct pH for binding prior to sample loading, reducing the chance of sample breakthrough. The final major modification involves the in-line pH adjustment of acidified samples using an ammonium acetate (CH 3 COONH 4 ) buffer. Minor modifications include a changed acid eluent strength, thus requiring an increased reaction buffer strength. Finally, the eluent matrix was changed from cleaned seawater to Milli-Q water, reducing the background fluorescence and reducing the volume of cleaned seawater needed for analyses. This work provides an easy-to-use, highly sensitive shipboard method for the determination of Al that can be adapted to measure a wide range of Al concentrations.
Materials and procedures
The Al-FIA system manifold is shown in Fig. 1 . The system consists of an 8-channel peristaltic pump (Dynamax, Rainin), two micro-electrically actuated 6-port, two-position valves (VICI, Valco Instruments), two mixing coils (1-m and 4-m), one reaction coil (8-m), a dry bath incubator heating block (Fisher Scientific), an IDA preconcentration resin column, and a Hitachi F-1050 fluorescence spectrophotometer with xenon light supply. The pump tubing associated with the 8-channel peristaltic pump tubing is standard 2-stop flow-rated PVC tubing (Fisher Scientific) with the respective inner diameters shown in Fig. 1 . The remainder of the FIA manifold tubing is 0.062-inch outer diameter × 0.020-inch inner diameter Teflon tubing (Optimize Technologies). The two mixing coils and one reaction coil are knotted using a modification of the method described by Selavka et al. (1987) . This modification involves "French knitting" of the Teflon manifold tubing using a fourpronged knitting spool. The 8-m reaction coil is enclosed in the dry bath incubator heating block as described by Resing and Measures (1994) . While the Resing and Measures (1994) method employs the use of a 1-m back-pressure mixing coil downstream of the fluorescence detector, it should be noted that we found this measure to be unnecessary. The dry bath incubator is set to a temperature of 50°C and has a stated temperature accuracy of ± 0.5°C. The preconcentration column is packed with the IDA chelating resin (Supelco Tosohass, Toyopearl AF-chelate 650M) in a manner similar to that described elsewhere for the 8-HQ resin (Resing and Mottl 1992) . The excitation and emission wavelengths of the fluorescence spectrophotometer are 489 nm and 559 nm, respectively, and the time constant is set to 0.3 s. Two-position valve switching and data acquisition from the detector are accomplished using Dynamax Macintegrator software running on a Macintosh G3 laptop computer. All sample handling was done in a class-100 clean bench in order to minimize contamination.
Reagents-All water used was deionized water (18 MΩ cm -1 ) from a Milli-Q analytical reagent-grade water purification system (Milli-QW; Millipore) and is hereby referred to as MQ water. Sub-boiling quartz distilled hydrochloric acid (Q-HCl, 6 M) and glacial acetic acid (Q-HAc) were produced by a single distillation of trace metal grade 6 M HCl and trace metal grade acetic acid (HAc, Fisher Scientific), respectively, in a quartz-finger, sub-boiling distillation apparatus. Trace metal grade ammonium hydroxide (NH 4 OH) was used as received (Fisher Scientific). Ultraclean ammonium hydroxide (Q NH 4 OH) was produced by bubbling anhydrous ammonia gas into MQ water. A supersaturated ammonium acetate solution was formed by bubbling anhydrous ammonia gas into Q-HAc. As this solution slowly cooled, crystals of CH 3 COONH 4 formed. Saturated CH 3 COONH 4 solution (19.2 M) was prepared by adding MQ water to the CH 3 COONH 4 crystals. Reagents were prepared in acid-washed low density polyethylene (LDPE) bottles unless noted otherwise. The LDPE bottles were cleaned by soaking them in 6M reagent grade hydrochloric acid for a minimum of 2 weeks followed by storage in 0.7M nitric acid for 1 month.
Sample buffer: A 2 M CH 3 COONH 4 sample buffer was prepared by a dilution of the saturated CH 3 COONH 4 solution with MQ water. This solution was then adjusted to a pH of 9.0 ± 0.1 with Q NH 4 OH.
Lumogallion: A 4.8 mM lumogallion stock solution was prepared by adding 50 mg lumogallion (Fisher Scientific) to 30 mL MQ water in a Teflon bottle. This solution has been found to be stable for at least 2 months (Resing and Measures 1994) .
Reaction buffer: A 4M CH 3 COONH 4 buffer was prepared by dilution of saturated CH 3 COONH 4 solution with MQ water. The pH of this buffer was adjusted to 6.3 ± 0.1 with trace metal grade NH 4 OH. A lumogallion/CH 3 COONH 4 reaction buffer solution was then prepared by adding 10 mL lumogallion stock solution to 1 L of 4M CH 3 COONH 4 buffer.
Column conditioning buffer: A 0.1 M CH 3 COONH 4 columnconditioning buffer was prepared by dilution of saturated CH 3 COONH 4 solution with MQ water. The pH of the buffer was adjusted to pH ~5.5 with Q NH 4 OH. Brij-35 solution: A 5% (w/v) Brij-35 solution was prepared by dilution of 30% (w/v) Brij-35 solution (Sigma-Aldrich) with MQ water.
Eluent HCl: A 0.1 M HCl column-eluent solution is prepared by diluting 6M Q-HCl with MQ water.
Column-cleaned seawater (CCSW): Usually made in 2-L batches, CCSW is prepared by pumping seawater, adjusted to pH ~6.0 with dilute trace-metal grade HAc (1.7M), across a 3.5 cm Toyopearl AF chelate-650M IDA resin column, and collecting into an acid-clean bottle. This CCSW is then acidified to pH ~1.7-1.8 with 6M Q-HCl (4 mL per liter) so that it is then similar in pH to actual seawater samples.
Procedure-Samples, standards, and blanks were acidified to pH 1.7-1.8 with 6M Q-HCl at least 1 h prior to analysis. For seawater samples, this was equivalent to 4 mL of 6M Q-HCl per liter of seawater. Replicate seawater samples were analyzed 1 h after acidification and 1 week after acidification, and no appreciable increase in Al was observed after 1 week. The Al-FIA manifold
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FIA Method: Aluminum in seawater system was flushed with weak Q HCl (~ 0.1 M) for at least 30 min before analysis. The peristaltic pump was set at a pump speed of 7.50, resulting in the flow rates shown in Fig. 1 . Once all reagents were flowing and baseline fluorescence had been established, each sample, standard, or blank was allowed to flush through the sample line tubing for at least 2 min before analysis. The valves were initially set up as shown in Fig. 1 . At the start of each analysis, Valve 1 and Valve 2 both switch from position A to position B, and the column is first rinsed with columnconditioning buffer for 15 s. After 15 s, Valve 1 switches back to position A. The buffered sample is then loaded onto the column for a fixed amount of time depending on the Al concentration in the sample. During this loading phase, the eluent HCl mixes with the reagent stream producing a fluorescence baseline. At the end of sample loading, Valve 2 switches back to position A, and the eluent HCl flows across the column in a direction opposite to that of the loading phase, eluting Al from the column into the reagent stream that is then carried to the detector. The elution continues for at least 120 s, and during this time, a new sample is placed in-line. This length of time is sufficient to thoroughly rinse and clean the IDA resin, allow the fluorescence peak from the previous sample to return to baseline, and allow adequate flushing time of the new sample through the pump tubing. The procedure is repeated for each sample, standard, or blank. During both the column-conditioning phase and sample loading phase, the lumogallion/reaction buffer solution, the Brij solution, and the HCl eluent all mix in the reagent stream and flow through the fluorometer to create a baseline fluorescence. As mentioned previously, the sample loading time depends on the Al concentration in a given sample or standard. Table 1 shows the sample loading times used for given Al concentration ranges. For samples and standards with Al concentrations in excess of ~80 nM, it was found that no sample preconcentration was necessary. Rather, a 50 cm loop of Teflon manifold tubing was used in place of the IDA preconcentration column. With this configuration, no in-line sample buffering or column conditioning step is necessary. The only change required with this configuration is that the eluent HCl concentration decreases to 0.024 M, the same acid concentration as acidified seawater samples (4 mL 6M Q-HCl per liter).
Methods and assessment
Column loading pH-In order to determine the optimal sample pH for loading of dissolved Al onto the Toyopearl AFChelate-650M preconcentration column, a series of acidified seawater samples (pH ~1.7) with dissolved Al concentrations of ~6 nM were used. Sample pHs were adjusted using a pH 9.0, 2M CH 3 COONH 4 buffer solution to cover a pH range of 1.7-7.4. Samples were pH adjusted off-line and then analyzed for Al immediately using 2-min load times at a sample loading flow rate of 2.5 mL/min. The results are shown in Fig. 2 . These results indicate that Al recovery is quantitative from pH 5.0 to at least pH 7.4, the highest pH investigated. While solvent extraction of Al using 8-HQ has been reported to be quantitative over the pH range 4.5-11.0 (De et al. 1970 ), Resing and Measures (1994) found their optimal pH range for Al preconcentration using their 8-HQ resin to be much narrower with maximum uptake occurring between pH 5.3 and 5.7. The much wider optimal pH range of 5.0-7.4 for Al preconcentration by the Toyopearl AF-Chelate 650M IDA resin gives investigators much more flexibility in the sample buffer solution pH, which can prove beneficial, particularly when preparing reagents at sea.
Al mass balance-Our study to determine the percent recovery of Al from seawater when using the IDA preconcentration column showed recoveries greater than 97%. In this study, a volume of low-trace metal, acidified seawater (pH ~ 1.7) was aliquoted into individual low-density polyethylene (LDPE) 125 mL bottles. Samples were spiked with varying amounts of a 6 μM Al standard resulting in sample concentrations ranging from ~5 nM Al to ~37 nM Al. These samples were then individually buffered off-line to pH 5.75 (part of the optimal pH range shown in Fig. 2 ) using a 2M CH 3 COONH 4 buffer solution (pH = 9.0) and immediately pumped across a ~4 cm IDA resin column. The first 10 mL column effluent and the second 25 mL column effluent were collected in separate 30 mL bottles. These two effluents were subsequently analyzed using 1-min sample loading times with a sample flow rate of 2.5 mL/ min and no in-line sample buffer. The "percent Al retention" was calculated as the percent of total Al in the sample that was retained by the column, and therefore not present in the effluent. The pH of the sample effluent after column loading was determined to be the same as the pH of the original sample before column loading. The results of this study are shown in Table 2 . The average percent Al retention with respect to the first 10 mL effluent and second 25 mL effluent from a pH 5.75 seawater sample loaded onto the ~4 cm IDA resin column was 97.5 ± 1.0% and 96.9 ± 1.1%, respectively. For comparison, the percent Al retention from seawater using a 3.2 cm 8-HQ resin column and a 5.0 cm 8-HQ column, respectively, was slightly lower at 85% and 91% (Resing and Measures 1994) .
To examine possible effects of column length and flow rate on percent Al retention, similar experiments to the one outlined above were done using IDA resin columns of varying lengths (1 cm, 2 cm, 3 cm, and 4 cm) as well as varying sample loading flow rates (0.6 mL/min, 1.2 mL/min, 1.3 mL/min, 1.7 mL/min, and 2.5 mL/min). There was no significant effect on percent Al retention based on any of the different column lengths or any of the different flow rates. For work henceforth, we chose to use a column length of ~4 cm and a flow rate of 2.5 mL/min.
Eluting acid concentration-The strength of hydrochloric acid necessary to efficiently elute Al off of the IDA resin was investigated using concentrations of 0.05 M, 0.11 M, 0.23 M, and 0.5 M. First, 10 mL of a relatively high Al (~400 nM) seawater sample buffered off-line to a pH of 5.9 was loaded across a ~4 cm IDA resin column. The sample was then eluted with a given HCl concentration mentioned above. For each different acid concentration eluent, 10 mL eluent was passed across the IDA column, and the acid effluent was collected in clean 7 mL vials in 2.5 mL batches. Thus, for each acid strength investigated, there were four 2.5 mL aliquots collected sequentially. Each 2.5 mL aliquot was then diluted into pH 1.7 MQ water, and the resulting diluted sample was analyzed for Al. The results of this study are shown in Table 3 . Thus, it appears that for the weakest HCl eluent (0.05M) investigated significant Al elution from the resin is still occurring in the second 2.5 mL aliquot of acid eluent collected. This implies wider peaks at this eluent concentration. For each of the three stronger acid eluent concentrations investigated, minimal, if any, Al recovery occurred in the second 2.5 mL aliquot. Based on these findings, we decided to use a 0.1 M HCl acid eluent. This acid strength was chosen to minimize the amount of acid neutralization necessary to obtain the proper reaction pH of 5.1-5.6 (Resing and Measures 1994) . For comparison, this acid strength is double that of the 0.05M HCl used to elute Al from the 8-HQ resin as described by Resing and Measures (1994) . Accordingly, the reaction buffer concentration (4M CH 3 COONH 4 buffer) of this method is twice that of the Resing and Measures (1994) method.
Column conditioning-During the column-conditioning step, the IDA column is rinsed with a 0.1M CH 3 COONH 4 buffer at a pH of ~5.5, similar to that of in-line buffered samples prior to sample loading onto the column. The step was added to ensure that the IDA sites of the resin are not in the protonated form found when the 0.1 M HCl solution is present in the column, as protonated IDA sites might result in a decrease in Al retention and, thus, sensitivity. If the buffered sample (pH ~5.5) were to be loaded onto a protonated form of the resin, the dissolved Al first entering the column would not be complexed by the IDA functional groups during the time necessary for the ion exchange sites to be deprotonated as buffered sample flows through the column. To investigate the effect of the column-conditioning step on method sensitivity, standards made up in acidified seawater were run using 1-min load times. Three standards were analyzed in duplicate both with and without the conditioning step. During the analyses including a conditioning step, the column was first rinsed with 0.1M CH 3 COONH 4 buffer (pH ~5.5) for 15 s prior to sample loading. The standard curves for both runs are shown in Fig. 3 . The sensitivity of the method with a 1-min load time decreases by nearly 6% in the absence of the columnconditioning step. This effect would be even more significant with sample analyses using shorter load times (30 s, for example) if running more concentrated samples. We suggest that this conditioning step increases the Al retention during the preconcentration step to essentially 100%. Earlier estimates for percent retention in the first 10 mL eluent acid averaged 97.5% (see Table 2 .) Standardization-Primary standards were made by serial dilution of a 1,000 ppm Al certified reference stock standard (Fisher Scientific) into MQ water acidified to pH ~ 1.7 with 6N Q HCl. The resulting primary standards ranged from 0.9 μM Al to ~5 μM Al. Al seawater standards were prepared as standard additions of the primary standards to either acidified (pH 1.7) low-Al seawater or column-cleaned seawater (CCSW). These Al seawater standards were used to create standard curves against which samples were quantified. Standard curves have been found to be linear up to concentrations of 175 nM Al with sample loading times depending on the concentration ranges of the standards (see Table 1 ).
Blanks and detection limits-Blanks were quantified daily and determined by analyzing pH 1.7 MQ water via a standard additions method. This blank takes into account possible Al contributions from the sample buffer and the column-conditioning buffer as well as the system manifold (tubing, valves, etc.) . While it might be argued that a more reliable estimate of the Al blank could be gained from analyzing pH 1.7 CCSW, comparisons of the sensitivity of the method analyzing pH 1.7 MQ water showed a decrease of only 7.8% compared with that of pH 1.7 seawater. In addition, the MQ blanks were quantified via a standard addition method using standards also made up in MQ water. Thus, any difference in method sensitivity associated with the blank matrix is irrelevant.
As mentioned previously, any Al contribution from the acid eluent, lumogallion reaction buffer, or Brij solution will increase the baseline fluorescence but does not contribute to the sample blank. Nevertheless, we have still tried to minimize the baseline fluorescence by using clean reagents and procedures. The limit of detection is quantified as three times the standard deviation of the blank value. A series of replicate analyses (n = 7) of a pH 1.7 MQ blank using a 4-min load time yielded an average blank value of 0.160 nM Al, a standard deviation of ± 0.033 nM, and, thus, a limit of detection of 0.10 nM Al. Using a 1-min load time, replicate analyses (n = 8) of a 5-nM Al seawater sample yielded a relative standard deviation of 2.5%. Ideally, the accuracy of the method should have been tested against a certified reference material for Al. However, there is no suitable certified seawater reference material (e.g., NASS-5, North Atlantic Standard Seawater, National Research Council, Canada) for Al at present.
Application-This modified Al-FIA method using in-line preconcentration of samples onto a commercially available IDA resin was used to analyze samples collected from the oligotrophic North Pacific subtropical gyre (30°N, 140°W) during the 2004 SAFe (Sampling and Analysis for Fe) cruise. Sampling details are explained elsewhere (Johnson et al. 2007 ). SAFe open-ocean surface (S) water and 1000 m (D1 and D2) water samples (0.2 μm filtered) were analyzed to assess the feasibility of acidified sample storage on dissolved Al concentrations in both low density polyethylene (LDPE) Nalgene™ bottles and fluorinated high density polyethylene (HDPE) Nalgene™ bottles. The bottles were acid-cleaned by submerging them for 1 month in a 2M HCl (reagent grade) bath with 6M HCl (reagent grade) inside the bottles followed by storage for at least 1 month with 0.7 M HNO 3 (trace metal grade) inside the bottles.
The SAFe samples analyzed had been at pH 1.7 in LDPE bottles for over 2 y. Three each of the D1 sample, D2 sample, and S sample were analyzed for dissolved Al on numerous
Brown and Bruland
FIA Method: Aluminum in seawater 92 Fig. 3 . Standard curves generated from duplicate analyses of Al standards analyzed with and without a column-conditioning step using a 1-min sample loading time (2.5 mL sample loaded). Sensitivity uncertainties were calculated using statistical least-squares fitting techniques. occasions over a two-month period with the results presented in Table 4 . The standard deviations shown in Table 4 are based upon the mean Al values for each day's analysis and not replicate FIA peaks. The dissolved Al data for the SAFe S and D2 samples are consistent with dissolved Al concentrations determined from shipboard Al analyses at stations near 30°N, 140°W during the CLIVAR P2 cruise in JuneAugust 2004 (Measures et al. unpubl. data) . Orians and Bruland (1986) reported similar surface water dissolved Al concentrations of 1.7-1.8 nM and lower deep water (1000m) dissolved Al concentrations of 0.37 nM at VERTEX-5A (33°N, 139°W). The lower Al values for the D1 sample as compared with the D2 sample indicate possible problems during bottling consistent with what was seen for dissolved iron (Johnson et al. 2007 ). These results indicate that the SAFe samples could potentially be used as low Al seawater reference materials for which consensus values for Al could be reached. We were aware of problems with Al contamination when storing acidified samples in HDPE bottles. This appears to be due to the use of an Al co-catalyst in the manufacture of polyolefins. To investigate whether fluorinated high-density polyethylene (FPE) would cause similar problems, we used three SAFe D2 speciation samples collected in FPE bottles during the SAFe cruise and immediately frozen at natural ambient pH. These samples were thawed and acidified to pH 1.7. Dissolved Al concentrations were measured about 20 min after acidification and over the course of 1 month after acidification and storage of the sample in the original FPE bottles. Initial results for the three bottles were 1.6 nM Al, 2.6 nM Al, and 3.5 nM Al. Significant increases in dissolved Al were seen in each of the three samples over the course of 1 month as illustrated in Fig. 4 .
In summary, these results indicate that problems with FPE bottles are similar to those found for HDPE bottles and, thus, FPE bottles are not suitable for long-term storage of acidified seawater samples for Al analyses. However, the 0.5 L LDPE SAFe bottles prepared with the cleaning steps performed for the SAFe program appear to provide samples free of Al contamination even after long-term storage of seawater at pH 1.7-1.8. Therefore, following further analysis by other methods and researchers to arrive at a consensus value, aluminum can potentially be added to the list of Fe, Zn, Cd, Cu, Mn, Co, and Pb for which the SAFe samples can serve as a seawater reference material.
It is quite common for distributors to supply LDPE bottles with polypropylene (PP) caps and not LDPE caps. This is, in part, due to the fact that PP is a much harder plastic than polyethylene and is said to provide a tighter seal upon bottle closing. Experiments were conducted to investigate whether PP caps might be a source of Al contamination to samples stored in LDPE bottles. Five 125 mL LDPE bottles (with PP caps) cleaned using procedures identical to those outlined above were filled with low Al, acidified (pH 1.7) seawater and allowed to sit upright in a clean space for 1 week. Additionally, five 125 mL LDPE bottles (with PP caps) were filled with the same seawater and placed upside down for 1 week, ensuring that the acidified sample was in contact with the PP cap. All samples were analyzed after 1 week. Samples placed upside down showed significant increases in dissolved Al relative to those samples that remained upright over the course of the week (data not shown). A similar experiment was conducted in which the PP caps received an additional separate cleaning step aside from the LDPE bottle using various strengths of trace metal grade nitric acid (1M or 5M) or hydrochloric acid (1M or 6M). The results indicate that these PP caps, even with a separate stringent cleaning step, are a significant source of Al contamination. It should be noted that a similar experiment was also conducted using samples collected during the 2004 SAFe cruise and that the polypropylene caps belonging to the 0.5L LDPE SAFe bottles appear to not be a source of Al contamination to those samples. This finding leads to the notion that there might be significant batch-to-batch variability in the PP caps themselves as a possible source of Al contamination. We have now switched to using LDPE bottles with LDPE caps (available from Bel-Art Products and Dynalab Corporation) and observe no problems from contamination.
Finally, this method was used in Al determinations in samples collected during May-June 2006 aboard the R/V Wecoma. A surface transect of dissolved Al across the Columbia River plume (Fig. 5) off the coast of Oregon shows dissolved Al values reaching 30 nM in plume waters with significantly lower Al concentrations in the oceanic waters (salinity > 30) outside the plume. Similarly, Van Bennekom and Jager (1978) observed a roughly 25-fold enrichment in dissolved Al in waters of the Zaire River plume relative to surrounding oceanic waters in the Gulf of Guinea. Measures et al. (2005) report dissolved Al concentrations of 50 nM in low-salinity 
Discussion
Owing to the use of the commercially available Toyopearl AF Chelate 650-M IDA resin, the method as presented here eliminates the 8-HQ resin synthesis step and is significantly easier to use. Using a commercially available resin eliminates any batch-to-batch variability that might occur in laboratory resin synthesis and the need to investigate resin quality before use. The in-line pH buffering of samples just prior to column loading minimizes the potential for sample contamination. Finally, the Al retention is more quantitative, and the method is more sensitive due to the column-conditioning step implemented here.
This method is ideal for determination of dissolved Al in seawater as it has a large, flexible analytical window (pM to μM). By adjusting the sample loading time, Al determinations can be made in both open-ocean environments where Al concentrations can be quite low (<1 nM) to coastal environments where fluvial inputs can increase dissolved Al concentrations to greater than 100 nM Al.
Comments and recommendations
The relative ease of use and freedom from contamination issues make this method useful for both laboratory and realtime shipboard-based analyses. While the IDA resin columns here were fabricated according to the method of Resing and Mottl (1992) , it is likely that commercially available columns could be used as well. Generally, commercially available columns are much easier to use and can minimize the potential for leaking and contamination. In addition, an automated sample selection valve could be implemented that might further reduce contamination risks associated with changing the sample line from one sample to another.
The selection of a suitable plastic type in a sample bottle for storage of acidified seawater samples for Al analysis is critical as discussed in the experiments above. With the international GEOTRACES effort looming, this is an issue that needs to be addressed. While HDPE and FPE bottles have been shown not to be suitable bottle types, there is still some question as to what the best choice might be. In recent years, polymethylpentene (PMP) bottles have been chosen as a good option for Al measurements. However, it is very common for PMP bottles to come with a PP cap, which, as discussed above, can potentially be a source of Al contamination to acidified seawater samples. We suggest that the use of LDPE bottles along with LDPE caps is the most suitable choice in terms of storage of acidified seawater samples for dissolved Al analysis. The use of LDPE bottles and LDPE caps is also inexpensive relative to PMP bottles.
Finally, we recommend further efforts to potentially establish the SAFe samples as a seawater consensus standard for Al. A seawater standard for Al with a consensus value assigned to it would aid researchers not only in data calibration but also in future method development. At the present time, no such seawater standard at an appropriate concentration for oceanic levels of Al exists. 
